The mechanism of bacterial cell division is largely unknown. The protein machinery performing 2 cell division is organized by FtsZ, a tubulin-homolog that forms treadmilling filaments at the cell 3 division site. Treadmilling is thought to actively move proteins around the cell thereby 4 distributing peptidoglycan synthesis to make two new cell poles. To understand this process, we 5 reconstituted part of the bacterial cell division machinery using the purified components FtsZ,
To address these questions, we developed an in vitro assay able to recapitulate early 3 stages of cytokinesis dynamics in Escherichia coli. We found that the cytoplasmic tails of FtsN 4 and FtsQ, but not PBP3 and FtsL, are recruited to membrane-anchored, treadmilling filaments 5 of FtsZ and FtsA by a diffusion-and-capture mechanism. In this transient assembly, FtsZ, FtsA 6 and cytoplasmic peptides remain stationary, and their accumulations disperse as soon as FtsZ 7 filaments depolymerize. As the treadmilling filament moves forward, the associated proteins 8 follow its effective translational motion giving rise to their apparent movement. Our results 9 support a model in which treadmilling FtsZ filaments initiate and guide cell wall synthesis by 10 continuously increasing the local concentration of key division proteins above a critical threshold 11 needed for septation. Supplementary Fig. 1a ). Remarkably, FtsQ cyto His and FtsN cyto His formed filament-like patterns 29 even when both peptides were simultaneously present ( Fig. 1d, Supplementary Video 3) . In all 30 cases, overlap for FtsQ cyto His was lower than for FtsN cyto His as quantified by the Pearson 31 Correlation Coefficient (PCC) (Fig. 1f, g) . Interestingly, while there was a strong colocalization 32 between FtsA and the monomeric FtsN cyto His on the membrane (Fig. 1e , Supplementary Video 33 4), previous observations found that only a dimerized form of FtsN cyto interacted with FtsA in 34 solution 18 . To test this apparent discrepancy, we studied the interactions between FtsA and full-1 length FtsN or the cytoplasmic peptides of divisome proteins either by analytical 2 ultracentrifugation or microscale thermophoresis (MST). While FtsN was able to form oligomers 3 in solution ( Supplementary Fig. 1b ), full length FtsN and FtsN cyto His interacted with FtsA with 4 similar affinity (K D values of 250 ± 51 and 324 ± 96 nM, respectively, Supplementary Fig. 1c-d , 5 Supplementary Table 2 ). Moreover, FtsQ cyto His, FtsL cyto His and PBP3 cyto His showed no 6 interaction with FtsA in solution ( Supplementary Fig. S1d ). As FtsQ cyto His did not bind to FtsA in 7 MST experiments, and only colocalized with FtsZ/FtsA cofilaments when attached to the 8 membrane ( Fig. 1 and Supplementary Fig.1 e) , we believe that confining the peptide to the 9 supported bilayer could enhance its apparent affinity to FtsA as it is optimally aligned on the 10 membrane surface.
11
Furthermore, our experiments suggested that ionic interactions play an important role as 12 the interaction between FtsA and FtsN was abolished at increased salt concentrations (300 mM 13 compared to 100 mM KCl) ( Supplementary Fig. 1f ). To test the ionic nature of the FtsN-FtsA 14 interaction, we studied known mutants of the cytoplasmic peptide of FtsN, where the conserved 15 positively charged residues at positions 16-19 (RRKK) were replaced with more negatively 16 charged (DDEE) or hydrophobic (RAAK) residues 14, 18 . The third mutant had an asparagine 17 residue instead of aspartic acid at position 5 (D5N) 7 . FtsN cyto-D5N His and FtsN cyto-RAAK His showed 18 similar colocalization with FtsZ compared to FtsN cyto His ( Supplementary Fig. 2a ,b) and both 19 mutant peptides interacted with FtsA in solution ( Fig. 1i ). In contrast, FtsN cyto-DDEE His showed 20 much weaker overlap with FtsZ on the membrane and no interaction in solution ( Fig. 1h- Next, we acquired dual-color time-lapse movies to simultaneously image the dynamics 28 of FtsZ and membrane-bound cytoplasmic peptides. We found that both FtsN cyto His and 29 FtsQ cyto His closely followed the dynamic behavior of FtsZ ( Fig. 2a-b ). To better visualize the 30 dynamics of the proteins, we constructed differential time-lapse movies, which show the 31 intensity difference between two frames separated by a constant time delay (Fig 2a, 32 Supplementary Fig. 3 ). This gives rise to fluorescent clusters that represent the amount of 33 protein added to a co-polymer in a given time step, i.e. it specifically visualizes the growth of an 6 FtsZ filament bundle as well as the effective motion of peptide accumulations (Supplementary 1 Fig. 3a -c, Supplementary Video 5). Kymographs of either FtsZ and FtsN cyto His or FtsZ and 2 FtsQ cyto His along the circumference of rotating rings showed that in both cases the proteins 3 migrated together ( Fig. 2a,b and Supplementary Fig. 3d ). We continued to characterize the 4 interaction with FtsN cyto His because its colocalization with FtsA was much stronger than that of 5 FtsQ cyto His. The directed motion of the membrane-bound peptides was abolished when we 6 replaced GTP with the slowly hydrolyzable analog GMPCPP, which does not allow for FtsZ 7 treadmilling and filament reorganization ( Fig. 2c & Supplementary Fig. 3e , Supplementary Video 8 6). Interestingly, in this case the colocalization of FtsN cyto His and FtsZ was slightly but 9 significantly decreased, suggesting that FtsZ/FtsA filaments dynamics facilitates the interaction 10 with FtsN cyto His (Fig. 2d ).
Differential movies also allowed us to use particle-tracking methods to analyze migration 12 trajectories of the fluorescent clusters in greater detail. Velocity autocorrelation of treadmilling 13 trajectories for FtsZ, FtsA and FtsN cyto His showed positive values for longer time delays, 14 confirming directional motion for all three proteins ( Fig. 2e ). The rapid drop at short time delays 15 is expected for highly curved trajectories. As motion was directional, we could use the 16 distribution of displacements to calculate the average velocities of FtsZ treadmilling as well as 17 the velocity of co-migration for FtsA and FtsN cyto His. We found that all three proteins moved at 18 the same velocity ( Fig. 2f and Supplementary Fig. 3f ,g). Together, these data show that FtsZ 19 treadmilling driven by GTP hydrolysis is able to power the co-migration of membrane-bound 20 FtsN cyto His and FtsQ cyto His. This co-migration arises via their common binding partner FtsA.
22
FtsZ, FtsA and FtsN self-organize via different underlying dynamics
23
In our experiments, FtsN cyto His, FtsA and FtsZ formed similar dynamic structures on the 24 membrane. To better understand the underlying dynamics of protein patterns formation and the 25 mechanism of peptide co-migration, we analyzed the exchange of proteins in fluorescence 26 recovery after photobleaching (FRAP) experiments ( Fig. 2g and Supplementary Fig. 4 ). All 27 proteins showed rapid turnover in these assays. However, the time-scales of fluorescence 28 recovery for FtsZ, FtsA and FtsN cyto His were very different. FtsZ showed the fastest recovery To characterize the behavior of the proteins in greater detail we performed single-8 molecule experiments. By adding small amounts of fluorescently labeled proteins, we were able 9 to monitor the dynamics of all three proteins during pattern formation ( Fig. 3a , Supplementary 10 Video 8). While FtsZ particles were stationary, FtsA molecules showed slow diffusion and the 11 behavior of FtsN cyto His peptides could be divided in two populations with slow and fast diffusion, 
8
To quantify these capturing events, we identified clusters of short displacements within 1 peptide trajectories in the presence of FtsZ and FtsA. We calculated an average duration of 2 confinement of 0.41 ± 0.02 s for FtsN cyto His (n = 3 experiments with 4702 trajectories) and a 3 slightly lower value for the DDEE peptide (0.36 ± 0 02 s, n = 3 experiments with 1763 4 trajectories). However, the frequency of confinement events was 3-fold higher for wildtype 5 FtsN cyto His than for the DDEE mutant ( Fig S5e- g, Supplementary Video 9) consistent with the 6 decreased colocalization of the mutant with FtsA/FtsZ filaments on the membrane.
7
Although this approach cannot precisely determine interaction kinetics due to 8 photobleaching and a possible contribution of molecular crowding to peptide confinement, the 9 analysis shows that FtsN cyto His remained at FtsA/FtsZ co-filament bundles for an about 10-20-10 fold shorter time than FtsZ monomers stayed on the membrane 2,19 and that wildtype FtsN cyto His 11 is trapped more often than FtsN cyto-DDEE His. Thus, our single-molecule analysis, in combination 12 with MST ( Fig. 1i ) and FRAP ( Fig. 2g ) experiments, reveals that FtsN cyto His is rapidly binding 13 and unbinding to the treadmilling scaffold provided by the FtsZ/FtsA co-filament on the 14 membrane.
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To conclude, these results show that FtsN cyto His is organized by FtsZ/FtsA co-filaments 16 following a diffusion-and-capture mechanism and that the observed migratory behavior of the 17 three proteins corresponds to an emergent property of this self-organized system: while on the 18 ensemble level all proteins move directionally ( Fig. 2e ), the individual molecules show 19 uncorrelated diffusive or stationary behavior ( Fig. 3c ).
21

FtsN increases the persistency of the FtsZ cytoskeleton
22
FtsN has been shown to promote the stability of the divisome 20 . However, in vivo 23 experiments could not provide evidence on how this stabilization might work. We realized that 24 large-scale structures of FtsZ filaments are highly dynamic, but more persistent in the presence 25 of FtsN cyto His (Fig. 4a , dashed square). To quantify the degree of reorganization, we performed 
31
What could be the mechanism for the increased persistence? Comparing the 32 fluorescence intensity of FtsZ before and after addition of the peptides, we found a 2-fold 33 increase for FtsN cyto His, but not for FtsN cyto-DDEE His or PBP3 cyto His (Fig. 4c ). Furthermore, the 9 mean lifetime of FtsZ monomers on the membrane slightly increased after FtsN cyto His addition, 1 while the FtsZ treadmilling velocity remained unchanged (Fig 4d-e ). As the direct binding 2 partner of FtsN is FtsA, we also measured the recovery half-time of FtsA by FRAP experiments 3 and found that FtsN cyto His decreases the turnover of FtsA by 2-fold ( Supplementary Fig. 6a -c).
4
To conclude, our data shows that FtsN cyto His is able to stabilize the FtsZ pattern, presumably by 5 slowing down the turnover of FtsA and providing more binding sites for FtsZ filaments on the 6 membrane. Our data suggests that FtsZ/FtsA cofilaments function as a binding platform that locally 30 increases the density of downstream interaction partners above a critical threshold to promote 31 weak interactions to other transmembrane proteins of the divisome. This dynamic enhancement 32 of protein-protein interactions could increase the precision of cell division, as individual freely 33 diffusing molecules would not be able to trigger a downstream response outside of this dynamic 10 accumulation. Importantly, this mechanism could also promote directionality of PG synthesis by 1 establishing a narrow zone of signaling activity that moves around the cell diameter at the 2 nascent division site. However, cell division proteins activated in this zone would be stationary, 3 which would be in contrast to cell wall growth during cell elongation, where the proteins involved 4 move during PG synthesis 21-23 . As we did not observe interaction between FtsA and 5 PBP3 cyto His, the observed directed motion of individual PBP3 molecules in vivo 4 might originate 6 from a more indirect mechanism, presumably involving additional interactions with other cell 7 division proteins such as FtsW or FtsN either in the membrane or in the periplasm 24,25 .
8 Although FtsN has long been thought to be the last protein to appear at the division 9 site 26 , it is now evident that its early interaction with FtsA is important for divisome assembly 10 . 
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The FtsZ-FtsA-FtsN/Q system is an example of a reaction-diffusion process with 20 emergent properties in which individual components show different behaviours at single 21 molecule level compared to an ensemble. How does this protein system compare to other 22 mechanisms that the cell uses to organize its interior? The best studied example for proteins 23 able to hitchhike on a polymerizing filament are probably +TIP tracking proteins 30 , which follow 24 the growing microtubule 'plus' end while individual molecules are continuously turning over.
25
Similarly, actin binding proteins were suggested to co-migrate with treadmilling actin filaments 26 from the neuronal cell body to the axon tips 31 . These examples suggest that co-migration of 27 proteins with dynamics filaments by transient binding is a widely conserved mechanism used for 28 the spatial organization of the cell. Therefore, we believe that this work not only sheds light on 29 how bacterial cells divide but more generally highlights an important mechanism to organize and 30 transmit spatiotemporal information in the living cell. Table 1 ).
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For labelling the lyophilized peptides were dissolved in buffer operating at 5 Hz frequency for standard acquisition and at 10 Hz for single particle tracking.
25
The acquisition rate was varied based on the experiment, while exposure time was kept at 30-26 50 ms to minimize photobleaching.
27
The acquisition rate was varied based on the experiment, while exposure time was kept at 30-28 50 ms to minimize photobleaching. FtsA) was used.
15
For peptide sorting experiments (Fig. 1 b,c 
32
Single molecules were tracked with TrackMate, using the same parameters as described above 1 ("Single particle velocity autocorrelation"). Molecules only transiently present (1 frame) and 2 longer than 100 frames due to non-specific binding were not taken into account for the analysis. the fast population were taken into consideration for further analysis ( Supplementary Fig. 5 ).
4
The displacement distribution of the fast population for FtsN cyto His and FtsN cyto-DDEE His 5 peptides was fitted with two-component Rayleigh distribution and weighted contribution of short 6 and long displacements was estimated for each peptide (Fig. 3d ).
7
The confined regions within each trajectory were identified by spatial clustering, based 
